Background: Animal models are necessary to study the mechanism underlying the effects of exercise on depression but an effective procedure for exercise treatment and exercise effects on physiological parameters in a specific depression model need to be characterized. Methods: Physiological parameters including lactate, partial pressue of O2 (pO2) and CO2 (pCO2) saturated O2 (sO2), pH, HCO3, total CO2 (TCO2), and base excess extracellular fluid (BEecf) levels in the blood were measured after treatment with passive exercise in normal mice and a stress-induced depression model. Results: Normal mice or mice that were subjected to daily 2-hour restraint for 14 days (2 hours×14 days of restraint) were placed on a running wheel that was rotating at a speed of 9 m/min for 1 hour per day for 1 to 21 days. After repeated exercise in mice that were previously subjected to 2 hours×14 days restraint, plasma lactate levels decreased, the levels of pO2, sO2, and pH tended to increase, and the levels of pCO2 decreased in the absence of significant changes in HCO3, TCO2, and BEecf. However, none of these changes were additive to the stress effects or were much more severe than those induced after repeated passive exercise in normal mice. Conclusion: These results suggest that passive exercise for 1 hour daily for 14 to 21 consecutive days on a running wheel rotating at a speed of 9 m/min may be used as an exercise protocol without inducing severe additive effects on physiological burdens.
INTRODUCTION
Depression is a modern pandemic that affects more than 350 million people of all ages worldwide [1] . It is a mood disorder characterized by emotional, cognitive and physiological symptoms including depressed mood, diminished interest in daily life, and psychomotor retardation [2] , implying that multiple brain areas are affected. At present, antidepressants which are based on monoaminergic neurotransmitter actions are the primary choice for treatment of depression in clinical practice. However, the remission rate is not high and many patients do not respond to current antidepressants [3] . Considering that various etiologies, including genetic and environmental factors, are involved in depression and that current antidepressants have limited therapeutic efficacies, there are urgent need for the development of diverse strategies for the treatment of depressive symptoms.
To study the mechanism underlying the exercise effects of exercise on depression and to develop exercise-based therapeutic strategies, proper animal models are necessary. For this, one must first find an effective strategy for exercise treatment in a specific depression model. Most of commonly used animal models of depression are induced by evoking chronic stress in the body, for example, treatment of mice or rats for 10 to 30 days with chronic unpredictable stress [4] [5] [6] , social defeat stress [7, 8] , or restraint stress [9] [10] [11] produces lasting depression-like behaviors. Next, one should choose a proper exercise regimen for the depression model of choice. Exercise regimens vary widely across laboratories and experiments. For example, physical exercise may be provided to laboratory animals through voluntary wheel running or forced running [12, 13] , and through a treadmill or a running wheel [14] exercise. Moreover, the exercise itself may evoke physiological and emotional stress in a certain condition. In particular, long-term submaximal exercise may cause physiological stress and induce lactate accumulation in the blood [15] [16] [17] . Therefore, it is necessary to understand the physiological parameters that are affected by exercise, particularly when forced exercise is applied to a stress-induced depression model.
Towards the aim of understanding the physiological features of forced exercise in a mouse model of depression, we measured physiological parameters in the blood of animals that were treated with passive exercise with different treatment paradigms: (1) different speeds of exercise in normal mice (experiment 1); (2) different number of days of exercise in normal mice (experiment 2); and (3) different number of days of exercise applied in a stress-induced depression model (experiment 3).
METHODS

Animals
Male 7-week-old C57BL6 mice were obtained from Daehan BioLink (Eumsung, Korea). Mice were housed in pairs in standard clear plastic cage in a temperature-and humidity-controlled room. All animals were handled in accordance with the animal care guidelines of the Ewha Womans University (IA-CUC 2013-01-007).
Repeated restraint
Repeated restraint was conducted as described previously [9, 10] .
In brief, mice were individually placed in a well-ventilated, 50-mL polypropylene conical tube, and were restrained within this tube for 2 hours daily starting from 10:00 AM. This restraint procedure was repeated for 14 consecutive days.
Exercise with the running wheel
Mice were individually forced to run on a rotating wheel at a constant speed of 6, 9, or 12 m/min for 1, 7, 14, or 21 days. The wheel consisted of a rotating drum with two circular ventilated plastic walls (inner diameter, 20 cm) with a rim (width, 7 cm) that consisted of evenly-spaced aluminum bars (each with a width of 2 mm, spaced at 0.65 cm-intervals). In the test of repeated exercise effects, mice that ran on the running wheel at 9 m/min for less than 80% of the training time for more than any 2 consecutive days were excluded from the final data set.
Physiological parameters
Mice were anesthetized by intraperitoneal injection with avertin (2,2,2,-tribromoethanol; 300 mg/kg, 300 μL of 2.5% avertin/ animal) in saline. We avoided using ketamine/xylazine (100 mg/kg) because these anesthetics produce hyperglycemia effects [18] , and Nembutal (pentobarbital) or Pentothal (thiobutabarbitol) because theses anesthesia decrease blood flow by 50% [19] .
Measurement of physiological parameters using a i-STAT analysis kit
The CG4+ cartridge contained a series of biosensors, thin-film electrodes microfabricated on silicon chips for the following parameters: pH (reportable range, pH 6.5 to 8.2), partial pressure of CO2 (CO2; reportable range, 5 to 130 mm Hg), partial pressure of O2 (pCO2; reportable range, 5 to 800 mm Hg), total CO2 (TCO2; reportable range, 5 to 50 mmol/L), HCO3 (reportable range, 1.0 to 85.0 mmol/L), base excess extracellular fluid (BEecf; reportable range, -30 to 30 mmol/L), saturated O2 (sO2; reportable range, 0% to 100%), and lactate (reportable range, 0.30 to 20.00 mmol/L). Samples were tested for pH, pCO2, pO2, TCO2, HCO3, BEecf, sO2, and lactate within 5 minutes of collection.
The cartridges were stored at 4˚C until use. Before starting the experiments, the cartridges were removed from the refrigerator and allowed to reach room temperature for 2 hours. Blood (200 to 500 μL) was collected from the heart of sacrificed mice within 20 to 30 seconds using an 1-mL syringe and 95 μL of whole blood was loaded into the CG4+ cartridge (#03P85-25, Abbott Laboratory, North Chicago, IL, USA). After sealing, the cartridge was inserted into the i-STAT 1 analyz- Measurement of plasma lactate levels using a Roche lactate detection system An Accutrend plus lactate meter (Roche Diagnostics, Indianapolis, IN, USA) and BM-Lactate 25 strips (03012654016, Roche Diagnostics) were used according to the manufacturer's instructions as an alternative method for measuring lactate levels. In this system, lactate in the applied sample undergoes an enzymatic reaction with formation of a dye. The amount of dye produced increases with the concentration of lactate. Before starting the actual measurements, the test strip was prepared as instructed. Blood serum of each animal was applied to the application area and the measurement chamber flap was closed. After 60 seconds, the color intensity was determined by illuminating the application area from below using the light-emitting diode (LED) and measuring the intensity of the reflected light with a detector (reflectance photometry). The measured lactate values were determined from the read lot-specific information (code strip) by subtracting the measured blank value.
Immunohistochemistry
Immunohistochemical studies were carried out as described previously [20] . In brief, mouse brains were perfused with 4% paraformaldehyde via a transcardiac method and postfixed in the same solution overnight at 4˚C. Brains were coronally cut into 40-μm sections using a vibratome (Leica VT 1000S, Leica Instruments, Nussloch, Germany). Free-floating sections were incubated with 4% bovine serum albumin in phosphate buffered saline (PBS) containing 0.1% Triton X-100 (PBST) for 1 hour, and then reacted with primary antibody at 4˚C overnight. The sections were washed with PBST, reacted with secondary antibody diluted 1:200 in PBST, and visualized using an ABC Elite kit (Vector Laboratories, Burlingame, CA, USA). AntiKi67 antibody was purchased from Vector (#VP-K451). Antidoublecortin (anti-DCX) antibody was purchased from Santa Cruz Biotechnology (#SC-8066, Santa Cruz, CA, USA). 3,3´-Diaminobenzidine-stained images were analyzed using an Olympus BX 51 microscope equipped with a DP71 camera and MetaMorph Microscopy Automation & Image Analysis software (Molecular Devices, Sunnyvale, CA, USA).
Statistical analysis
GraphPad PRISM software (GraphPad Software Inc., San Diego, CA, USA) was used for analysis of statistical significance. Two-sample comparisons were carried out using the Student t test, whereas multiple comparisons were made using one-way analysis of variance followed by the Newman-Keuls multiple comparison test. All data are presented as mean±SEM and statistical difference was accepted at P<0.05.
RESULTS
Experiment 1-1: effects of passive exercise at varying intensities on physiological parameters
Normal C57BL/6 male mice were subjected to passive exercise for 1 hour per day for 3 days on the running wheel rotating at speeds of 6, 9, and 12 m/min (Fig. 1A) . Immediately after the exercise session on day 3, physiological parameters in the blood were measured using the i-STAT clinical portable analyzer. The reliability of the i-STAT analyzer has previously been described [17, [21] [22] [23] . The level of plasma lactate was slightly reduced after exercise at 12 m/min, but not at the other speeds (Fig. 1B) . Plasma pH was increased in an exercise speed-dependent manner, starting to show a significant increase from 9 m/min and increasing to pH 7.29 at 12 m/min (Fig. 1C) . The levels of pO2 and sO2 tended to increase by approximately 10% after exercise, but these changes were not statistically significant (Fig.  1D, E) . The level of pCO2 decreased in an exercise-speed dependent manner and showed a significant decrease at all exercise speeds examined (Fig. 1F) . The levels of TCO2 and HCO3 tended to decrease, but none of these changes were statistically significant (Fig. 1G, H) . Despite the significant decrease in pCO2, the plasma BEecf level after exercise was not significantly different from that of the control (Fig. 1I) . Experiment 1-2: passive exercise for 1 hour per day for 7 days at a speed of 9 m/min induced typical neurogenesis Next, we examined whether passive exercise on a running wheel rotating at a speed of 9 m/min for 1 hour daily for repeated days produced neurogenesis in the hippocampus, an important biological marker for the effects of exercise. To this end, normal mice were treated with passive exercise on the running wheel rotating at a speed of 9 m/min for 1 hour daily for 7 days Copyright © 2015 Korean Endocrine Society and then examined for exercise-induced neurogenesis ( Fig. 2A) . Immunohistological staining with antibody to Ki-67, a marker for cell proliferation of new neurons, showed that the number of Ki-67-positive progenitor cells in the dentate gyrus (DG) increased after 7 days of exercise (Fig. 2B ). Immunohistological staining with antibody to DCX, a marker for cell differentiation of new neurons, showed that the number of DCX-positive neurons in the DG also increased after 7 days of exercise (Fig. 2C ).
Experiment 2: physiological parameters in normal mice exposed to repeated passive exercise To examine the effects of repeated exercise on physiological parameters, normal mice were subjected to passive exercise on the running wheel at a speed of 9 m/min for 1 hour per day for 1, 7, 14, and 21 days. Immediately after the last scheduled exercise, the mice were sacrificed and blood was obtained (Fig. 3A) . Plasma lactate levels measured with the i-STAT analyzer tended to decrease from 7 to 21 days of exercise, but the changes were not significant (Fig. 3B) . Plasma lactate levels were also measured using a Roche lactate detection system, and similar results were obtained (data not shown). Plasma pH increased from 7.21 to 7.26 after 21 days of exercise (Fig. 3C) . Plasma pO2 levels were not significantly changed after 14 to 21 days of exercise (Fig. 3D ). sO2 levels tented to increase after 21 days of exercise (Fig. 3E) . Plasma pCO2 levels were significantly decreased after exercise in all cases (Fig. 3F) . The levels of TCO2 and HCO3 decreased after 21 days of exercise (Fig. 3G, H) . Plasma BEecf level decreased after 1 day of exercise, but stabilized at the control level after 7 to 21 days of exercise (Fig. 3I ).
Experiment 3: physiological parameters in mice subjected to repeated stress and to repeated passive exercise
In previous studies we reported that C57BL/6 mice treated with repeated restraint for 2 hours per day for 14 consecutive days (2 hours×14 days of restraint [RST]) showed robust depressionlike behaviors in several behavioral assessments including the forced swim test, tail suspension test, and U-field sociability test [9, 10, 24] . In the present study, we examined the effects of repeated exercise on blood physiological parameters in this stress-induced depression model. C57BL/6 male mice were subjected to 2 hours×14 days RST and were then placed on the running wheel at a speed of 9 m/min for 1 hour daily for 14 and 21 days (Fig. 4A ). Immediately after 2 hours×14 days RST, the plasma lactate level was significantly reduced (Fig. 4B) . After subsequent 14 and 21 days of exercise, the plasma lactate levels remained low and were comparable to those of the 2 hours×14 days RST group (Fig. 4B) . The plasma pH was not changed after 2 hours ×14 days RST, but increased from 7.21 to 7.25 after 14 and 21 days of subsequent exercise (Fig. 4C) . Plasma pO2 and sO2 levels were tended to increase after 2 hours×14 days RST, and these levels were sustained after subsequent repeated exercise (Fig. 4D, E) . Plasma pCO2 level was unchanged after 2 hours× 
DISCUSSION
Certain physiological parameters in the blood, such as stress hormones, oxygen and carbon dioxide levels, blood pH, and lactate level may be used as important blood markers that reflect bodily responses to exercise. Plasma pH, lactate levels, and par-14 days RST, but was significantly decreased after subsequent exercise (Fig. 4F) . The levels of TCO2 and HCO3 were not changed after 2 hours×14 days RST or after subsequent exercise (Fig. 4G, H) . Plasma BEecf levels were not significantly changed after 2 hours×14 days RST or after subsequent repeated exercise (Fig. 4I) . www.e-enm.org 377 tial O2 and CO2 pressures in the blood may be affected by repeated exercise, particularly when exercise is undertaken at moderate to high intensities [15] [16] [17] . Therefore, these blood parameters may be used as important markers for the evaluation of maximal versus submaximal intensity of exercise [25] [26] [27] . In normal mice, blood lactate levels decrease after intense exercise. For example, in one study, blood lactate level at a running speed of 10 m/min was 0.4 mmol/L, but decreased to 0.3 mmol/L or lower after exercising at speeds of 13.5 m/min and higher [28] .
In the present study, we examined physiological parameters induced by three different speeds of running (6, 9, and 12 m/min). Exercise-induced changes in lactate levels at the speed of 9 m/ min were comparable to those of the untreated control (Figs. 1,  3) , whereas at the speed of 12 m/min lactate levels decreased slightly, but by an insignificant amount (Fig. 1) . Although mice can run well on a treadmill at a speed of 12 m/min and even higher [29] [30] [31] , mice placed on the rotating wheel at a speed of 12 m/min did not perform proper running (unpublished observation). Mice on the running wheel had to run on a rim that consisted of evenly spaced aluminum bars. Therefore, it is possible that the exerxcise intensity achieved by running on the wheel at a speed of 9 m/min might be higher than that produced on a treadmill at the same speed. Considering the actual distance of running and lactate levels, we speculate that passive exercise at the speed of 9 m/min may be a good choice that ensures a relatively high exercise speed, but does not produce severe lactate accumulation in the blood. An important question concerning the effects of exercise in stress-induced depression models is whether the physiological changes induced by passive exercise in mice with stress-induced depression are comparable to those induced by passive exercise in normal animals. We demonstrated that 2 hours×14 days RST decreased lactate levels significantly, whereas passive exercise at a speed of 9 m/min for 1 hour daily for 14 or 21 days tended to decrease lactate levels, but the effects were subtle (Figs. 3B, 4B) . For blood pH, the 2 hours×14 days RST did not change blood pH, whereas the 1 hour exercise for 21 days slightly increased the pH in normal animals ( Fig. 3C ) and tended to increase it in mice with stress-induced depression (Fig.  4C) . The 2 hours×14 days RST also induced no change in pCO2, whereas the 1 hour exercise for 14 or 21 days significantly decreased pCO2 (Figs. 3F, 4F ). 1 hour exercise for 21 days decreased TCO2 and HCO3 in normal mice, but tended to induce only a weak suppression in mice with 2 hours×14 days RST (Fig. 3D, E) . The pO2 and sO2 levels increased after exercise, but these oxygen levels were comparable to those in mice with 2 hours×14 days RST alone (Fig. 4D, E) . Therefore, passive exercise for 1 hour daily for 14 to 21 days in mice that had been subjected to 2 hours×14 days RST produced a specific change in lactate levels, whereas the changes in pH and pCO2 level were specific to exercise. Collectively, these results suggest that passive exercise for 1 hour daily for 14 to 21 days in the stress-induced depression model did not to induce severe additive effects on physiological burdens. Animals in such studies may be given either voluntary or forced exercise regimens. In general, voluntary exercise paradigms for laboratory animals may be free from severe stress, but the exercise time and exercise intensity for each animals can vary across experiments. For example, the average distance covered by C57BL/6 mice through voluntary exercise examined over 10-to 54-day periods in different studies was 5.8 [32] [36] , and 16.5 km/day [37] . Moreover, even if the distance run by any two individuals is the same in voluntary exercise paradigms, one animal may run at a higher speed and for less total time than the other animal. Therefore, it is difficult to control the amount of exercise and exercise intensity between individuals. In contrast, forced exercise (passive exercise) paradigms for laboratory animals are good for controlling exercise duration and exercise speed, but may provoke a certain level of stress. In particular, when a forced exercise paradigm is applied to stress-induced depression models, the forced exercise may impose an additional stress depending on the procedure of exercise; thus, potentially adding to the overall stress effects. In fact, we observed that passive exercise increased plasma corticosterone levels after the initiation of exercise (unpublished observation). As described, although mice can run well on a treadmill at a speed of 12 m/min and even higher [29] [30] [31] , passive exercise at the speed of 9 m/min may be a good choice that ensures a relatively high exercise speed. Consistent with this interpretation, exercise treatment at a speed of 9 m/min for 1 hour daily for 7 days effectively induced neurogenesis in the hippocampus, supporting that this passive exercise paradigm is as effective as previously reported various voluntary exercise paradigms [35, 36, 38, 39] . Voluntary exercise and forced exercise are inherently different, and this difference is probably responsible for their differential effects on brain and behavior [12] .
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